Introduction
============

Ebola virus (EBOV) and Marburg virus (MARV), classified as biosafety level 4 agents, belong to the Family *Filoviridae*. Whereas MARV consists of a single species, Lake Victoria *Marburgvirus*, there are four distinct EBOV species, including *Zaire ebolavirus* (ZEBOV), *Sudan ebolavirus* (SEBOV), *Côte d'Ivoire ebolavirus* (CIEBOV), *Reston ebolavirus* (REBOV), and the proposed new species *Bundibugyo ebolavirus* (BEBOV) (Sanchez et al., [@B54]; Towner et al., [@B76]) (Figure [1](#F1){ref-type="fig"} left). Among these, ZEBOV, first identified in 1976, seems to be the most virulent, killing approximately up to 90% of infected individuals, whereas REBOV, which was initially isolated from cynomolgus monkeys imported from the Philippines into the USA in 1989, is less pathogenic in experimentally infected non-human primates (Fisher-Hoch and McCormick, [@B20]) and has never caused lethal infection in humans (Sanchez et al., [@B54]).

![**Phylogenetic analysis of filovirus GP amino acid sequences**. The phylogenetic tree was constructed using the neighbor-joining method. For construction of this tree, ten complete GP amino acid sequences were used. Infectious viruses were isolated or viral genome and/or specific antibodies were detected (in parentheses) from the animals shown on the right.](fmicb-03-00034-g001){#F1}

Ebola virus and Marburg virus are filamentous, enveloped, non-segmented, single-stranded, negative-sense RNA viruses (Figure [2](#F2){ref-type="fig"}). The viral genome encodes seven structural proteins, nucleoprotein (NP), polymerase cofactor (VP35), matrix protein (VP40), glycoprotein (GP), replication-transcription protein (VP30), minor matrix protein (VP24), and RNA-dependent RNA polymerase (L). EBOV also expresses at least one secreted non-structural glycoprotein (sGP). Figure [3](#F3){ref-type="fig"} summarizes filovirus replication in cells. At the first step of replication, viral attachment through interaction between GP and some cellular molecules is followed by endocytosis, including macropinocytosis (Nanbo et al., [@B47]; Saeed et al., [@B53]). Subsequent fusion of the viral envelope with the host cell endosomal membrane releases the viral proteins (i.e., NP, VP35, VP30, and L) and RNA genome into the cytoplasm, the site of replication. Transcription of the negative-sense viral RNA by the viral polymerase complex (VP35 and L) yields mRNAs that are translated at cellular ribosomes. During replication, full-length positive-sense copies of the viral genome are synthesized. They subsequently serve as templates for replication of negative-sense viral RNA synthesis. At the plasma membrane, NP-encapsidated full-length viral RNAs and the other viral structural proteins are assembled with VP40 and GP and incorporated into enveloped virus particles that bud from the cell-surface (Noda et al., [@B49]; Bharat et al., [@B5]). Though filoviruses show broad tissue tropism, hepatocytes, endothelial cells, dendritic cells, monocytes, and macrophages are thought to be their preferred target cells, and infection of these cells is important for hemorrhagic manifestation and immune disorders (Geisbert and Hensley, [@B22]).

![**Structure of Ebola virus particle and genome organization**. Electron micrograph of Ebola virus particle **(A)**, its diagram **(B)**, and negative-sense genome organization **(C)** are shown. Viral protein names and functions are described in the text. Transcribing the glycoprotein (GP) gene produces a soluble GP (sGP). Transcriptional editing accompanied by frame shifting is required to produce full-length, membrane-anchored GP, which shares its first 295 amino acid residues with sGP.](fmicb-03-00034-g002){#F2}

![**Filovirus replication in a cell**. Viral proteins involved in each step are described in the text.](fmicb-03-00034-g003){#F3}

Filovirus Host Range
====================

Filoviruses are known to cause severe hemorrhagic fever in human and non-human primates, but recent studies suggest that quadrupeds are also naturally susceptible to EBOV infection (Figure [1](#F1){ref-type="fig"}, right). In 2008--2009, REBOV infection was confirmed for the first time in pigs in the Philippines (Barrette et al., [@B3]). REBOV was occasionally isolated from the samples subjected to the diagnostic investigation of multiple outbreaks of a respiratory and abortion disease syndrome in swine, which were caused by porcine reproductive and respiratory syndrome virus, common in pigs in Asia. It is speculated that REBOV became detectable, most likely due to the coinfection with this porcine virus. Although pathogenicity of these swine REBOV strains to humans, non-human primates, or even pigs remains unclear, other EBOV species (i.e., ZEBOV) was shown to cause severe respiratory disease in experimentally infected pigs (Kobinger et al., [@B30]). During the 2001--2003 ZEBOV outbreaks in Gabon and the Democratic Republic of the Congo (DRC), when large numbers of gorillas and chimpanzees were infected, the viral genome was also detected in duikers, medium-sized Bovid related to antelopes and gazelles (Leroy et al., [@B35]). It was also reported that several dogs in the ZEBOV-epidemic area might have been highly exposed to the virus by eating infected dead animals, as suggested by high seroprevalence, but the putative infection seems to be asymptomatic (Allela et al., [@B1]).

Infectious MARV was recently isolated from Egyptian fruit bats (*Rousettus aegyptiacus*) in Uganda, indicating that this species is susceptible to MARV infection and potentially acts as the natural reservoir of the virus (Towner et al., [@B75]). Phylogenetic analysis showed that viruses in the bats were closely related to those isolated from victims of the 2007 MARV outbreak in Uganda, providing the first evidence for an epidemiological link between viruses in bats and hemorrhagic fever outbreak in humans. On the other hand, EBOV has not been isolated from any bat species. During the 2001--2003 EBOV outbreaks in Gabon and DRC, however, fruit bats (*Hypsignathus monstrosus*, *Epomops franqueti*, *and Myonycteris torquata*) captured in the outbreak area were found to have EBOV genomic RNA and virus-specific antibodies (Leroy et al., [@B34]), suggesting they are potential natural reservoirs for EBOV. However, it is still unclear whether these bats continuously maintain EBOV and/or MARV and act as a potential source of filovirus transmission to humans.

It has been shown that laboratory animals, including mice and guinea pigs, are susceptible to filovirus infection. However, these animals infected with filoviruses obtained from patients normally develop a non-lethal illness, though the viruses have the ability to replicate in the animals. Guinea pigs have been used as an animal model for filovirus infection since serial passage of MARV and EBOV in the animals results in a substantial increase in lethality (Bowen et al., [@B6]; Hevey et al., [@B25]; Volchkov et al., [@B78]; Subbotina et al., [@B63]). It was also demonstrated that passages of ZEBOV through young mice resulted in the selection of variants with pathogenicity associated with mutations in viral internal genes (e.g., NP and VP40) (Bray et al., [@B7]; Ebihara et al., [@B16]). This mouse-adapted ZEBOV is highly lethal to mice. Similarly, a mouse model for MARV infection has been established (Warfield et al., [@B80]). Interestingly, mutations found in the GP gene of these mouse- or guinea pig-adapted viruses were not the primary factor for efficient replication in mice and guinea pigs, suggesting the importance of some other mechanisms underlying in viral replication and/or immune evasion, as shown in the pathogenesis of influenza virus (Fukuyama and Kawaoka, [@B21]).

Filovirus Envelope Glycoprotein
===============================

The fourth gene from the 3′ end of the filovirus genome encodes the viral envelope GP (Figure [2](#F2){ref-type="fig"}), which is responsible for both receptor binding and fusion of the virus envelope with the host cell membrane (Takada et al., [@B73]; Wool-Lewis and Bates, [@B82]) (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). GP is highly glycosylated with large amounts of N- and O-linked glycans, most of which are uniformly located in the middle one-third of the GP, designated the mucin-like region (MLR) (Yang et al., [@B83]; Manicassamy et al., [@B38]). The amino acid sequences of the MLR are highly variable among filovirus species (Sanchez et al., [@B55], [@B56]). GP undergoes proteolytic cleavage by host proteases such as furin (Volchkov et al., [@B79]), which produces two subunits, GP1 and GP2, linked by a disulfide bond. The GP1 subunit mediates viral attachment, most likely through the MLR or the putative receptor binding region (RBR; Kuhn et al., [@B32]; Dube et al., [@B15]). The GP2 subunit has the heptad repeat regions required for assembling GP as a trimer. The hydrophobic fusion loop on GP2 is thought to catalyze fusion of the viral envelope and host cell membrane (Weissenhorn et al., [@B81]; Ito et al., [@B28]). Although the trigger to promote the conformational change leading to membrane fusion is not fully understood, it was recently suggested that endosomal proteolysis of EBOV and MARV GPs by cysteine proteases such as cathepsins B and L plays an important role in inducing membrane fusion (Chandran et al., [@B12]; Schornberg et al., [@B57]; Matsuno et al., [@B42]). Since GP is the only viral surface GP, it is believed to have an important role in controlling the tropism and pathogenesis of filovirus infection (Takada and Kawaoka, [@B71]; Hoenen et al., [@B26]; Sanchez et al., [@B54]).

![**Schematic diagram of filovirus glycoprotein**. Both EBOV and MARV GPs contain signal peptides (SP), putative RBR, MLR, furin cleavage site, internal fusion loop (IFL), heptad repeat (HP), and transmembrane (TM) regions.](fmicb-03-00034-g004){#F4}

Pseudotype Virus System to Search for Filovirus Receptors/Coreceptors
=====================================================================

In the early years, studies of filoviruses were hampered by its extraordinary pathogenicity, which requires biosafety level 4 containment. To circumvent this problem, pseudotype virus systems for functional analysis of filovirus GPs have been established (Takada et al., [@B73]; Wool-Lewis and Bates, [@B82]). The systems rely on recombinant viruses (e.g., replication-competent or -incompetent vesicular stomatitis virus and retroviruses) that contain filovirus GP instead of their own GPs (Figure [5](#F5){ref-type="fig"}). Such pseudotype virus systems enable us to investigate cell tropism mediated by simple interaction between filovirus GP and its cellular ligands. Using such a system, it was shown that pseudotyped viruses infected primate cells more efficiently than any of the other mammalian or avian cells examined, in a manner consistent with the host range tropism of Ebola virus, and that cell-surface GPs with N-linked oligosaccharide chains might contribute to the entry of Ebola viruses, presumably acting as a specific receptor and/or cofactor for virus entry (Takada et al., [@B73]). Furthermore, filovirus receptor-deficient cell lines that have been used in expression cloning strategies searching for filovirus entry mediators were discovered in an early study (Wool-Lewis and Bates, [@B82]). Thus, pseudotype virus systems are an essential tool for recent filovirus receptor research.

![**Schematic diagram of vesicular stomatitis virus (VSV) pseudotyped with filovirus GP**. The pseudotype virus relies on a recombinant virus that contains a reporter gene instead of the viral envelope protein gene responsible for receptor-binding and membrane fusion. Since filovirus glycoprotein is efficiently incorporated into VSV particles, a recombinant VSV that contains the green fluorescent protein (GFP) gene, instead of the G protein gene can be generated. This virus is not infectious unless the envelope protein responsible for receptor binding and membrane fusion is provided in *trans*.](fmicb-03-00034-g005){#F5}

Cellular Molecules Identified as Ubiquitous Receptors for Filovirus Entry
=========================================================================

Although filoviruses can replicate in various tissues and cell types, the molecular mechanisms of their broad tropism remain poorly understood (Figure [6](#F6){ref-type="fig"}). By using an expression cloning strategy that has been used to identify several virus receptors, human folate receptor-α was first identified as a ubiquitous cellular cofactor that mediates infection by both MARV and ZEBOV (Chan et al., [@B10]). This molecule is a glycosyl-phosphatidylinositol-linked protein expressed on the cell-surface. However, a human immunodeficiency virus pseudotyped with EBOV GP could not infect T-cell lines stably expressing this protein, suggesting that folate receptor-α is not sufficient to mediate entry (i.e., some other molecules are required) (Simmons et al., [@B60]; Sinn et al., [@B62]). A similar approach identified members of the Tyro3 receptor tyrosine kinase family (Axl, Dtk, and Mer) as molecules involved in cell entry of filoviruses (Shimojima et al., [@B58]). Expression of these family members in lymphoid cells, which are originally non-permissive to filoviruses, enhanced infection by pseudotype viruses bearing filovirus GPs on their envelopes. These molecules are widely distributed in many types of cells throughout the body, though not on lymphocytes and granulocytes (Linger et al., [@B37]). A more recent study demonstrated that reduction of Axl expression by RNAi treatment resulted in decreased ZEBOV entry via. macropinocytosis but had no effect on the clathrin-dependent or caveola/lipid raft-mediated endocytic mechanisms, suggesting that Axl enhances macropinocytosis (Hunt et al., [@B27]). However, direct interactions between these cellular molecules and the GP RBR remain to be demonstrated.

![**Proposed models of filovirus entry into cells**. Virus particles attach to the cell-surface through the interaction between GP and some cellular molecules (e.g., putative ubiquitous receptors, C-type lectins). Following virus uptake and trafficking to late endosomes, GP is cleaved by cellular proteases such as cathepsins to remove heavily glycosylated regions including the MLR and expose the RBR of GP1. Binding of cleaved GP1 to a coreceptor (e.g., NPC1) might be necessary for the GP conformational change leading to membrane fusion.](fmicb-03-00034-g006){#F6}

Recently, a bioinformatics approach, comparative genetics analysis, was used to screen the candidate genes involved in ZEBOV entry and T-cell immunoglobulin and mucin domain 1 (TIM-1) was identified as a candidate ZEBOV and MARV cellular receptor by correlation analysis between the gene expression profiles and permissiveness to viral infection (Kondratowicz et al., [@B31]). TIM-1 was shown to bind to the RBR of ZEBOV GP, and ectopic TIM-1 expression in poorly permissive cells enhanced EBOV infection. In addition, reduction of cell-surface expression of TIM-1 by RNAi decreased infection of highly permissive Vero cells, which are commonly used for filovirus propagation. However, the fact that not all cell types that are naturally permissive for filoviruses express the above-mentioned molecules implies that filoviruses may utilize multiple cellular proteins for infection of a wide variety of cells. More recent studies suggest that endo/lysosomal cholesterol transporter protein Niemann--Pick C1 (NPC1) is essential for filovirus infection, providing a model of EBOV infection in which cleavage of the GP1 subunit by endosomal cathepsin removes heavily glycosylated regions to expose the putative RBR, which is a ligand for NPC1 and mediates membrane fusion by the GP2 subunit (Carette et al., [@B9]; Côté et al., [@B13]). Available data indicate that the cellular tropism of filoviruses does not necessarily match the distribution of any cellular molecules so far identified. Importantly, it remains elusive whether these molecules act as functional receptors that mediate both viral attachment and membrane fusion or as so-called co-receptors whose interaction with viral GP is required only for membrane fusion.

Mucin-Like Region
=================

Both MARV and EBOV GPs contain both N- and O-linked carbohydrate chains with different terminal sialylation patterns that seem to depend on the virus strains and cell lines used for their propagation. The MLR contains a number of potential N- and O-linked glycosylation sites as mentioned above. Though the MLR is found in all known filovirus GPs, its highly variable amino acid sequences and sugar chain structure suggest different GP properties among filovirus species. Interestingly, it is well documented that deletion of the MLR does not affect the fundamental function of GP in viral entry into cells *in vitro*, as indicated by the observation that pseudotyped viruses bearing GP lacking the MLR infect primate epithelial cells (e.g., Vero E6 cells) similarly or rather more efficiently than viruses with wild-type GP (Simmons et al., [@B61]; Takada et al., [@B70]; Matsuno et al., [@B42]). According to the crystal structure of ZEBOV GP in its trimeric, prefusion conformation, the MLR may restrict access of the putative RBR to virus receptors (Lee et al., [@B33]). Thus, pseudotyped viruses bearing MLR-deletion mutant GP have often been used for approaches to identify filovirus-specific receptors (Shimojima et al., [@B58]; Kondratowicz et al., [@B31]). However, the MLR plays an important role in filovirus entry into preferred target cells such as endothelial cells, hepatocytes, and antigen-presenting cells, whose infection is likely involved in tropism and pathogenesis of filoviruses, as described below.

C-Type Lectins and the MLR
==========================

C-type lectins are a family of Ca^2+^-dependent carbohydrate-recognition proteins that play crucial roles in innate immunity. It has been demonstrated that membrane-anchored cellular C-type lectins facilitate filovirus infection *in vitro* by binding to glycans focused on the MLR (Figure [6](#F6){ref-type="fig"}). The asialoglycoprotein receptor, a C-type lectin found exclusively in hepatocytes, initially proposed as a receptor for Marburg virus (Becker et al., [@B4]), recognizes GPs displaying N-linked sugar chains with terminal galactose residues on the GP molecule and enhances filovirus infectivity. It was subsequently shown that carbohydrate chains on filovirus GP, especially on the MLR, are recognized by other cellular C-type lectins such as dendritic cell- and liver/lymph node-specific ICAM-3-grabbing non-integrin (DC/L-SIGN) (Alvarez et al., [@B2]; Lin et al., [@B36]; Simmons et al., [@B59]; Marzi et al., [@B40]; Gramberg et al., [@B24]), human macrophage galactose-type C-type lectin (hMGL) (Takada et al., [@B70]; Matsuno et al., [@B42]), and liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin) (Gramberg et al., [@B23]; Dominguez-Soto et al., [@B14]; Powlesland et al., [@B51]). Though these C-type lectins show different specificities, depending on the structures of target glycans, and thus MLR may not be the only binding site for the lectins, all have been reported to promote filovirus entry. It should be noted that C-type lectins enhance filovirus infectivity when expressed on the target cell-surface, but are unlikely to act as functional receptors mediating both attachment and membrane fusion (Simmons et al., [@B59]; Marzi et al., [@B41]; Matsuno et al., [@B43]). The fact that interaction between the GP MLR and C-type lectins is not essential for viral entry into cells lacking C-type lectins (e.g., Vero E6 cells) may also suggest that C-type lectins facilitate viral attachment but not infectious entry.

Hepatocytes, endothelial cells, dendritic cells, monocytes, and macrophages, all of which express C-type lectins, are thought to be the preferred target cells of filoviruses (Takada and Kawaoka, [@B71]; Geisbert and Hensley, [@B22]; Hoenen et al., [@B26]). Indeed, primary macrophage and dendritic cell cultures transduced for C-type lectin expression greatly increased their susceptibility to virus infection (Simmons et al., [@B59]; Marzi et al., [@B41]). While C-type lectins do not directly mediate filovirus entry, their pattern of expression *in vivo* and their ability to enhance infection indicate that C-type lectins can play an important role in filovirus transmission and tissue tropism. Thus, increased infection of these cells might be directly involved in the pathogenesis of filoviruses. Accordingly, it was shown that soluble mannose-binding C-type lectin played a role in protection from lethal Ebola virus infection in a mouse model (Michelow et al., [@B44]). It should be noted that the ability to utilize the C-type lectins (i.e., DC-SIGN and hMGL) to promote cellular entry was correlated with the different pathogenicities among filoviruses (Takada et al., [@B70]; Marzi et al., [@B39]; Matsuno et al., [@B42]). Interestingly, the MLR amino acid sequence does not seem to be the primary factor contributing to the difference (Marzi et al., [@B39]; Matsuno et al., [@B42]; Usami et al., [@B77]). Although there might be some distinct mechanisms of entry between MARV and EBOV (Chan et al., [@B11]), the similarity of tissue tropism and pathological features of infection between these viruses suggests that C-type lectins are one of the important molecules, likely as attachment factors, for filovirus entry into cells, and that they are directly involved in filovirus tropism at the cellular level.

Antibody-Dependent Enhancement and Epitopes on the MLR
======================================================

In addition to the common receptor/co-receptor-dependent mechanism of cellular attachment and membrane fusion, some viruses utilize antiviral antibodies for their efficient entry into target cells (Takada and Kawaoka, [@B72]). This mechanism is known as antibody-dependent enhancement (ADE) of viral infection. Filoviruses utilize virus-specific antibodies for their entry into cells *in vitro* through interaction between anti-GP antibodies and the cellular Fc receptor (FcR) or complement component C1q and its ligand, which likely promotes viral attachment to cells (Takada et al., [@B74], [@B68], [@B67]; Nakayama et al., [@B45]) (Figure [6](#F6){ref-type="fig"}). FcR are expressed exclusively on the cells of the immune system such as monocytes/macrophages, neutrophils, B-cells, and granulocytes (Fanger and Guyre, [@B18]), whereas C1q ligands have been identified in most mammalian cells (Eggleton et al., [@B17]; Nicholson-Weller and Klickstein, [@B48]), suggesting a ubiquitous mechanism for ADE of filovirus infection.

By using GP-specific monoclonal antibodies, several epitopes recognized by ADE antibodies were identified and these epitopes were mostly located in the MLR of the GP1 subunit (Takada et al., [@B67]; Nakayama et al., [@B45]). It should be noted that neutralizing antibodies appear to recognize different epitopes that are not located on the MLR (Takada et al., [@B69]; Lee et al., [@B33]). As reflected by the high variability of the MLR amino acid sequences and limited overall cross-reactivity of anti-sera among filovirus species (i.e., ZEBOV, SEBOV, CIEBOV, BEBOV, REBOV, and MARV), ADE activities of the anti-sera to GP are virus-species-specific (Takada et al., [@B74], [@B67]; Nakayama et al., [@B46]). Interestingly, potential viral pathogenicity is correlated with the ability to induce ADE antibodies, suggesting the possible contribution of ADE to different pathogenicity between filoviruses (Takada et al., [@B74]; Nakayama et al., [@B45]). More importantly, the demonstration of ADE of filovirus infection raises fundamental questions about the development of GP-based vaccines and the use of anti-GP antibodies for passive immunization.

Recently, GP has been used for viral vector-based or DNA vaccines that were shown to protect animals effectively. Replication-incompetent adenovirus expressing GP, a replication-competent vesicular stomatitis virus expressing GP, and a recombinant paramyxovirus expressing GP have been shown to protect non-human primates from lethal infections of filoviruses (Sullivan et al., [@B66], [@B65]; Jones et al., [@B29]; Bukreyev et al., [@B8]; Feldmann et al., [@B19]). It should be noted that these vaccines potentially induce cytotoxic cellular response (i.e., CD8+ T lymphocytes) as well as antibody production, suggesting that activating cytotoxic T-cells is a key protective mechanism (Olinger et al., [@B50]; Sullivan et al., [@B64]; Reed and Mohamadzadeh, [@B52]). Since cytotoxic T-cell response cannot be fully induced by immunization with non-replicative protein antigens such as inactivated virus and subunit vaccines, viral vector-based, or DNA vaccines may be promising in preventing filovirus infection.

Conclusion
==========

All enveloped viruses initiate infection by attaching to host cells followed by membrane fusion via interaction between viral surface proteins and receptor/co-receptor molecules on target cells, and this interaction is often a key determinant controlling viral tissue tropism and/or host range. As described above, it has been demonstrated that filoviruses utilize multiple molecules for their entry into cells. However, it remains elusive whether these molecules serve as functional receptors mediating both viral attachment and membrane fusion or play independent roles as either attachment receptors or fusion receptors. More importantly, none of the cellular molecules identified so far explains filovirus tissue tropism and host range reasonably. It might also be hypothesized that filoviruses do not use a single common receptor to infect a broad range of cells and, unlike many other viruses, may not need a "specific" receptor. Although the overall tropism and pathogenicity of filoviruses is controlled by multiple host cell factors (e.g., interactions with the host immune system), further studies aimed at identification of cellular molecules interacting with GP are needed to fully understand the mechanisms of cellular entry of filoviruses, and may shed light on the development of strategies for prophylaxis and treatment of Marburg and Ebola hemorrhagic fevers.
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